Amorphous Ti10p_xSL alloys (13<x<60) were produced by sputtering. Their partial structure factors were determined by X-ray and neutron diffraction. The Bhatia-Thornton density-concentration correlation function GNC(R) was calculated by a cluster relaxation model. Three-dimensional atomic clusters were produced by the Reverse Monte Carlo method. These clusters were analyzed in terms of trigonal prismatic arrangements as a structural unit. In amorphous Ti75Si25 and Ti87Si13 those Si-atoms which are surrounded by 9 Ti-atoms in the first coordination shell prefer trigonal prismatic arrangements. In the atomic clusters of amorphous TiS9Si41, Ti49Si51, and Ti40Si60, however, no preference of trigonal prisms was found.
Introduction
The structure of amorphous transition metal-metal loid alloys has been investigated extensively in the past [1] . Most of them were prepared by rapid quench ing of the melt, which usually works well at eutectic compositions. In the present paper we investigate the chemical and topological short range order of amor phous titanium-silicides, which can be prepared by sputtering within a wide range of composition from 40 up to 87 atomic percent titanium.
The three partial pair correlation functions of a number of amorphous binaries have been determined by the isotopic substitution technique [1] . However, this method is only applicable in those cases where suitable stable isotopes are available, such as Ni-isotopes in Ni-based alloys. In the present work the par tial pair correlation functions are determined from the combination of X-ray-and neutron diffraction exper iments and a model calculation of the size effect func tion Gnc(R). In order to obtain information on the three-dimensional structure of the amorphous alloys, atomic clusters are produced by using the Reverse Monte Carlo (RMC) simulation method. Gaskell [2, 3] has proposed trigonal prisms as a structural unit for amorphous transition metal-metalloid alloys. In each unit a central metalloid atom is surrounded by six transition metal atoms forming a trigonal prism with three further metalloid atoms on the square faces of the prism. These trigonal prisms are frequently found * Laboratoire Leon Brillouin, Laboratoire Commun CEA-CNRS, 91191 Gif-sur-Yvette, Cedex, France. Reprint requests to Prof. Dr. S. Steeb. in crystalline phases like Fe3C, Fe3P, and Ti3Si. Therefore the amorphous clusters of the titanium-sili cides were investigated concerning the existence of trigonal prisms using the method as introduced by Lamparter [4] .
Theoretical Fundamentals
In the following a summary of the relations used in the present work to describe the structure of binary amorphous alloys is given. For a detailed presentation see e.g. [1] .
Faber-Ziman Formalism
The total structure factor SFZ(Q) according to the Faber-Ziman definition [5] is obtained from the coher ently scattered intensity per atom / coh:
where Q=(4n/A) sin 0 ,2 0 is the scattering angle, A is the wavelength of the radiation, <b) = cAbA + cBbB, (b2y = cAbA + cBbl, cA, cB are the atomic concentra tions of the components A and B, and bA, bB are the mean coherent scattering lengths (which depend on Q in the case of X-rays). The total structure factor is a weighted sum of the partial structure factors S,FZ(Q):
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The partial pair correlation functions GFZ(R) are ob tained from the Sfz{Q) by Fourier transformation:
where R is the atomic distance. G?jZ(R) is related to the partial atomic density func tion ofy'-type atoms around an i-type atom, Qij(R), by
where q0 is the mean atomic density. The partial coor dination number can be determined by integra tion: Z^) 2 4 n R 2eij(R)dR.
Bhatia-Thornton formalism
With the Bhatia and Thornton formalism [6] the total structure factor
is subdivided into three weighted partial structure fac tors SNN(ß), Snc(Q), and SNC( 0 , (6) where SNN(Q) is the partial structure factor of the density-density correlations, Scc( 0 is the partial structure factor of the concentration-concentration correlations, and SNC( 0 is the partial structure factor of the density-concentration correlations. The correla tion functions GCC{R), GNN(R), and GNC(R) are ob tained from the partial structure factors SCC(Q), SNN(Ö), and Snc(Q) by Fourier transformation. The Faber-Ziman formalism and the Bhatia-Thornton formalism are interrelated by the relations GNfi(Q) = c lG lz(R) + c2 BG^z(R) + 2 cAcBG^(R ),
3. Experimental and Data Reduction
Specimen Preparation
Platelets of amorphous Tiloo.JC SiJC (13<x<60) were produced by sputtering. Aluminium foil was used as substrate which was dissolved by a caustic soda solu tion after the sputtering process. For the details we refer to [7] .
X-ray Diffraction
The X-ray diffraction experiments were done on a diffractometer (Siemens; D500) in transmission mode. Using M o-K a radiation, the Q-range was 0.8 Ä-1 < Ö < 14.6Ä -1. The measured intensities were cor rected for Compton scattering [8, 9] , polarisation [10] , and absorption [9, 10] . The conversion into absolute scattering units was done according to Krogh-Moe [11] . Figure 1 shows the total structure factors SFZ(Q) as obtained with X-rays.
Neutron Diffraction
The neutron diffraction experiments were per formed at LLB-Saclay with the 7C2 goniometer. Us ing A = 0.7Ä, the Q range from 0.34 Ä-1 up to 16.0 Ä "1 was covered by the multicounter. The mea sured intensities were corrected for background and absorption according to Paalman and Pings [12] , mul tiple scattering according to Sears [13] , and inelastic scattering according to Placzek [14] , The conversion into absolute scattering units was done according to Krogh-Moe [11] . The corrected intensity curve of amorphous Ti75Si25 is shown as dashed line in Fig  ure 2 . It exhibits a strong decrease with increasing Q.
Fig. 1. Amorphous titanium-silicides; X-ray diffraction: total structure factors S*Z(Q). The reason for this behaviour is the incoherent scat tering from a hydrogen contamination in the speci men of about 3 pet. The separation of this scattering contribution was done by the so called Fourier filter ing method: In the Fourier transform of the intensity the hydrogen contribution occurs as a peak at R-\al-ues well below the atomic distances. This peak alone is transformed back into Q-space and thus yields the intensity contribution of hydrogen (-------in Fig  ure 2 ). The full line in Fig. 2 represents the intensity corrected for background and absorption, as well as for incoherent hydrogen scattering. Furthermore, the contribution of hydrogen to the multiple scattering had to be taken into account. The weighting factors in (10) are given for Q = 0. The weighting factor of the Si-Si correlation is very small in the X-ray and in the neutron experiment. Thus the partial structure factors SFm(ö) and 5 (Q) can be determined by neglecting the Si-Si correlation. The result is shown in Figure 4 a. The Fourier transforms Gyjji(R) and Gj?Si(R) are shown in Fig. 4b , and the structural parameters are listed in Table 1 together with the corresponding values for amorphous Ti84Si16 which were reported in [15] . The atomic distances R were taken from the position of the first peak of the GfjZ{R) functions. The partial coordination numbers Ztj were obtained by applying the Gauss fitting method to the peaks of the Qij(R) functions. The widths w0 of the pair distributions were taken from the first peaks of G^Z(R). The chemical short range order parameters r jw e r e calculated according to Cargill and Spaepen [16] . G^Ti(R) and G^Si(R) show a sharp first maximum. The first peak of G j^R ) is well separated from the following maxima by a mini mum, where G j^R ) drops down to the -4n Rq0 line, i.e. where £> TiSi(R) = 0. This well defined Ti-Si coordination shell reflects the chemical bonding be tween the metal atoms and the metalloid atoms which dominates the chemical short range order (CSRO). The width of the first peak in the Ti-Si pair distribu tion is smaller for Ti84Si16 than for Ti87Si13. Appar ently the Ti-Si correlation is sensitive to small changes of the Si-content when the Si-concentration of the alloys is small. The width of the pair distribu tion of the Ti-Ti correlation has comparable values for both samples.
The comparison of the atomic distances RTiTi in Table 1 with the Goldschmidt diameter of Ti (DjiTi = 2.91 Ä) [17] shows a good agreement for Ti84Si16, whereas the atomic distance RTiTi for Ti87Si13 is slightly smaller. The experimental atomic distance RTiSi in Table 1 shows also a good agreement with a calculated atomic distance RyiSi = 2.63 Ä for Ti84Si16, using the Goldschmidt diameters of Ti and Si (DfiSi = 2.34 Ä). For Ti87Si13 the experimental atomic distance RTiSi is slightly larger than the calculated atomic distance R \iSi. The chemical short range order parameters rjJiSi in Table 1 [18] , r/NiP = 0.13 [19] ).
Determination of the Partial Pair Correlation
Functions for the Amorphous Titanium-Silicides
The method described in Chapt. 4 can only be ap plied for small Si concentrations, where the contribu tion of the Si-Si correlation can be neglected.
In the following a method is described to evaluate the partial pair correlation functions from a set of two diffraction experiments, with X-rays and neutrons in the present case, and a third body of structural infor mation from a model calculation. For setting up a model two conditions are essential: i) As a third body of structural information, to be simulated by a model, a suitable one should be chosen which is expected to be insensitive to the degree of the CSRO. ii) The information about the structure, already known from the experimental data, should be im plemented into the model.
The size effect function GNC(R) is most suitable to meet these conditions, because it is mainly determined by the atomic diameters of the constituents in the alloy.
In some previous combined X-ray and neutron dif fraction investigations the size effect was neglected by setting the Bhatia-Thornton partial correlation func tion GNC(R) = 0 (see e.g. [20] ). Because the diameters of the constituents in metallic glasses usually are quite different, in some investigations the GSC(R) function was calculated using the Percus-Yevick hard-sphere model [21] which, however, does not account for chemical interactions. In the present paper GNC(R) was calculated using a cluster relaxation algorithm given in [22] . The pair potentials were chosen in such a way as to obtain best agreement between the simu- lated and the experimental total G™(R) and G"FZ(R) functions (for the details see [7] ). The CSRO was incor porated by a stronger interaction potential for Ti-Si pairs than for Ti-Ti and Si-Si pairs. Figure 5 shows the Bhatia-Thornton correlation function [GNC(R)]M od obtained from the model.
From the X-ray and neutron diffraction results, combined with the calculated GNC(R) functions, the partial G$?Ti(R), G^(R ), and GS F|(R ) functions were calculated and plotted in Figure 6a -c. Table 2 shows the atomic distances Rtj, the partial coordination numbers Zy, the short range order parameters >/TiSi and the normalized short range order parameters rjjiSi for the amorphous titanium-silicides.
The partial correlation functions GFüj(R) in Fig. 6 b show a sharp first maximum with a width of 0.36 Ä for cSi>0.13. The Ti-Si distance is fixed at 2.62 Ä, al though the Ti-Ti and the Si-Si distances increase with increasing Si concentration. This indicates that the short range order is governed by the chemical bonding between the metal atoms and the metalloid atoms. Only the Ti-rich alloy Ti87Si13 appears to have a disturbed chemical short range order since the Ti-Si distance is larger and the first peak of Gj^iR) is not as sharp as for the other compositions.
On the other hand, the Ti-Ti correlation strongly depends on the composition since RTiTi increases with increasing Si-content. The first peak of G f^ is broader than the first peak of G*fSi. The partial pair correlation function G^f; (R) can be determined for all concentrations except for Ti87Si13, where the contri bution of the Si-Si correlation is very small for X-ray and neutron diffraction. It turned out that the physical oscillations of the GsJ^R) function could not be dis cerned from the Fourier-ripples.
The same behaviour was observed for Ti75Si25 at R-values below 3.2 Ä. In Fig. 6 c this part of G^ was replaced by the -4 k R £0-line. Consequently, it is not possible to determine the nearest Si-Si distance in amorphous Ti75Si25.
The partial coordination numbers Zu show the ex pected dependence on the composition. ZTiTi and ZSiTi decrease and ZTiSi as well as ZSiSi increases with in creasing Si-content. It is important to note that the decrease of ZSiTi with increasing Si content does not support a previous suggestion [23] that in amorphous transition metal-metalloid alloys the configuration of 9 metal atoms around a metalloid atom is formed as a rather stable one, independently of the composition.
The short range order parameter rjTiSi according to Cargill and Spaepen is positive, which means that all investigated alloys prefer compound formation. The short range order parameters for Ti87Si13 and Ti75Si25 were calculated by neglecting the Si-Si cor relation, which has the consequence that the normal ized short range order parameter //?iSi attains 100%. A realistic value for rjjiSi cannot be given without know ing ZSiSi. For the other samples the values of rjjiSi indicate that the compound formation tendency de creases with increasing Si-content.
Creation of Atomic Clusters by Reverse Monte Carlo Simulation (RMC)
The partial pair correlation functions represent a one-dimensional description of the three-dimensional structure of an amorphous alloy. Using the RMC method according to McGreevy and Pusztai [24] , a three-dimensional cluster can be obtained which is consistent with the experimental pair correlation func tions.
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Fig. 7. Amorphous Ti75Si25: partial pair correlation func tions; ---GyZ(R) using X-ray diffraction, neutron diffraction and Gnc(R) from Fig. 5 , ooo RMC-calculations.
As a starting configuration for the RMC run, in each case the cluster of 1500 atoms was taken, which has been created with the Brandt model, as described above. The refinement of the coordinations yielded optimum agreement between the calculated and the experimental G,FZ(R) after about 5 • 105 accepted atomic displacements. For Ti87Si13 the total pair cor relation functions were used because the partial pair correlation function G^f; (R) could not be determined. Figure 7 shows for amorphous Ti75 Si 25 as an example the perfect agreement between the calculated and ex perimental partial pair correlation functions. The agreement with the other amorphous Ti-Si alloys is comparable [7] .
Analysis of the Atomic Cluster of Ti75Si25
as Created by the RMC-Method Figure 8 shows the histogram of the number of Tineighbours around Si obtained from the RMC cluster of the alloy Ti75Si25. As the upper limit of the Ti-Si distance the minimum position of G™Si(R) at R = 3.34 Ä was used. The most frequent coordination number, Zsm = 9, is the same as for a face capped trigonal prism, and it is the same as for crystalline Ti3Si.
The phase diagram for the titanium-silicon system exhibits a number of crystalline phases. In [7] a de tailed comparison was carried out between the partial pair distributions of the amorphous Ti-Si alloys and the distance distributions in the crystalline Ti-Si phases and mixtures of them, respectively. The best agreement was found between the amorphous cluster of Ti 7 5 Si 2 5 and the crystalline phase Ti3Si, which is mainly built up from trigonal Ti-prisms centered by Si-and capped by further Ti-atoms [25, 26] . This is the reason why the RMC clusters were analyzed in terms of trigonal prismatic arrangements according to the methods as introduced in [4] . Of course, within the amorphous cluster as produced by the RMC-method the trigonal prisms are expected to be distorted. A trigonal prism can be represented by two tetrahedra with a Si-atom as common vertex, as sketched in the inset of Figure 9 b. The two tetrahedra can be tilted and rotated compared to the ideal prism. The quality of the trigonal prismatic arrangement can be de scribed by a tilting angle a and an angle ß of rotation between the upper 3 Ti-atoms and the lower 3 Tiatoms. During the analysis of the RMC clusters in terms of such configurations a double tetrahedron was ac cepted within the following limits: 1) The 6 Ti-atoms are nearest neighbours of the central Si-atom, and the 3 Ti-atoms in each tetrahedron are mutual nearest neighbours, where the outer limit of the coordination shell is given by the first minimum in the correspond ing pair correlation function.
2) The tilting angle a is within the range 0< a<15°. The histograms of the rotation angle | ß \ < 60° were recorded for the different values of ZSiTi. Figure 9 a shows for amorphous Ti75 Si 25 the fre quency of the angle of rotation ß for ZSiXi = 8, 9, and 10, respectively. Those configurations where ß is small may be classified as more or less distorted trigonal prisms. Apparently, for ZSiTi = 9 the tendency to form trigonal prismatic arrangements is most pronounced, whereas for ZSiTi = 10 no preference for trigonal prisms is observed.
The result for the Ti75Si25 cluster as shown in Fig. 9 a and the Ti87Si13 cluster as shown in [7] is, that for Si-atoms which are surrounded by 9 Ti-atoms there is a tendency to form trigonal prisms. In the atomic clusters of amorphous Ti59Si41, Ti49Si51, and Ti40Si60 no accumulation at an angle of rotation of 0° has been found [7] , and thus these amorphous alloys have no preference of trigonal prismatic arrange ments. Noting that within the amorphous cluster for Ti59Si41 only 0.2% of the Si-atoms and in the clusters of Ti49Si51 and Ti40Si60 no Si-atoms at all are sur rounded by 9 Ti-atoms [7] , it is suggested that the preferred occurrence of trigonal prisms is associated with the coordination number 9, although a prism consists of only 6 atoms.
In the following the question is addressed whether the preference of trigonal prismatic arrangements at the coordination number Zsm = 9 is a geometrical effect or a stereochemical effect. This question can be investigated by constructing reference clusters where only the size effect is incorporated. According to the method described in [4] , two types of statistical refer ence clusters were constructed. In the first type (RC1) ZSiTi Ti-atoms were distributed randomly around a central Si-atom at a distance taken as the experimen tal Ti-Si distance RTiSi with the constraint that the smallest distance between two Ti-atoms corresponds to the smallest R-value of GTiTi{R). In the second type of reference clusters (RC2) the Ti-atoms, after their positioning, were moved in a random way until the average of their mutual distances became as large as possible, i.e. until their distribution on the sphere with radius RJiSi became most uniform. The reference clus ters RC1 and RC2 were analyzed in the same way as the amorphous cluster of Ti75Si25. The result for the coordination number ZSiTi = 9 is shown in Fig. 9 b to gether with the result from the RMC cluster from Figure 4 a. We state that the tendency to form trigonal prisms is stronger for the RMC cluster than for the statistical reference cluster RC1, but it is weaker than for the reference cluster RC2. Figure 10 shows the histograms of the rotation angle ß for the reference clusters RC2 with different coordination numbers 6 < Z sm < l l . It reveals that prismatic packing is most preferred in case of the co ordination number Zsm = 9, which means that this preference can be explained in a quite simple way as a geometrical effect.
From these observations we have to conclude that the preferred formation of trigonal prisms in amor phous Ti 7 5 Si 2 5 with respect to a statistical distribu tion may be explained in two different ways: First, as a stereochemical effect, corresponding to that in the crystalline phase Ti3Si, or secondly, as a geometrical effect, resulting from the tendency of 9 Ti neighbours to be distributed around Si with as large as possible mutual distances.
Conclusions
By X-ray diffraction, neutron diffraction and using a cluster relaxation model for the size effect the partial pair correlation functions of amorphous T i^^S i, al loys (13<x<60) were determined. The partial pair correlation functions indicate a chemical bonding be tween the metal atoms and the metalloid atoms which dominates the chemical short range order. Three-di mensional atomic clusters were obtained using the Reverse Monte Carlo method. The amorphous atomic clusters were investigated for trigonal pris matic arrangements. The result is that trigonal prisms are preferred in that amorphous Ti-Si alloy (Ti75Si25) which has the same chemical composition as the cor responding crystalline phase (Ti3Si). Comparison with hard sphere reference clusters shows that the preferred occurrence of trigonal prisms can be explained geo metrically by a distribution of 9 Ti-neighbours around Si with the constraint that their mutual distances are as large as possible.
